Serine protease inhibitors (serpins) in insects function within development, wound healing and immunity. The genome of the African malaria vector, Anopheles gambiae, encodes 23 distinct serpin proteins, several of which are implicated in disease-relevant physiological responses. A. gambiae serpin 18 (SRPN18) was previously categorized as non-inhibitory based on the sequence of its reactive-center loop (RCL), a region responsible for targeting and initiating protease inhibition. The crystal structure of A. gambiae SRPN18 was determined to a resolution of 1.45 Å , including nearly the entire RCL in one of the two molecules in the asymmetric unit. The structure reveals that the SRPN18 RCL is extremely short and constricted, a feature associated with noncanonical inhibitors or non-inhibitory serpin superfamily members. Furthermore, the SRPN18 RCL does not contain a suitable protease target site and contains a large number of prolines. The SRPN18 structure therefore reveals a unique RCL architecture among the highly conserved serpin fold. research communications Acta Cryst. (2016). F72, 853-862 Meekins et al. SRPN18 from Anopheles gambiae 861
Introduction
Serpins (serine protease inhibitors) represent the largest family of protease inhibitors and are found in all higher eukaryotes and some bacteria, archaea and viruses (Olson & Gettins, 2011; Silverman et al., 2010) . Proteolytic events are integral to a wide variety of signaling pathways and govern diverse physiological functions, such as development (Hashimoto et al., 2003; Ligoxygakis et al., 2003; Francis et al., 2012) , coagulation (Huntington, 2013) , cell migration (Ravenhill et al., 2010; Declerck & Gils, 2013; Yamamoto et al., 2013; Huasong et al., 2015) , tumor suppression (Mahajan et al., 2013) , fibrinolysis (Rau et al., 2007; Al-Horani, 2014) and immunity (Ashton-Rickardt, 2013; Silverman et al., 2010; Gatto et al., 2013) . In general, the proteases that comprise these signaling pathways are expressed as zymogens, becoming activated upon proteolytic cleavage in order to elicit a rapid, controlled physiological response. Serpins function to silence these responses in order to avoid negative physiological consequences stemming from uncontrolled activation (Olson & Gettins, 2011) . Recent studies in insects have implicated serpins in a variety of essential physiological events, including development, mating, anticoagulation and immunity (Silverman et al., 2010; Gubb et al., 2010; Meekins et al., 2016) .
Serpins typically range in size from 350 to 400 residues and contain a highly conserved fold consisting of three -sheets (A, B and C) surrounded by up to nine -helices (A-I) (Huntington, 2011) . The central motif governing serpin ISSN 2053-230X # 2016 International Union of Crystallography activity is the reactive-center loop (RCL), a solvent-exposed loop that acts as a bait for the target protease. Despite the conservation of the overall serpin fold, there is a high degree of diversity among the RCLs of different serpins (Irving et al., 2000) . The specificity and regulation of serpin-protease interactions largely stems from the primary sequence and conformation of the RCL (Irving et al., 2000; Ye et al., 2001 ). An essential component of the RCL is the scissile bond, which is defined as the peptide bond between two amino-acid residues denoted P1 and P1 0 and cleaved by the target protease, forming an acyl-enzyme intermediate (Loebermann et al., 1984) . After formation of the intermediate complex, the serpin undergoes a dramatic conformational transformation whereby the RCL inserts into -sheet A, forming an additional -strand, and the protease is translocated to the opposing end of the serpin (Stratikos & Gettins, 1999; Huntington, McCoy et al., 2000; Dunstone & Whisstock, 2011) . The biophysical basis of this inhibitory transformation stems from the higher stability of the resultant complex compared with the native, metastable structure of the serpin Huntington, 2006) . As a result of the conformational change, both the serpin and protease are unable to perform further reactions and remain in an SDS-stable complex until degraded by cellular processes (Huntington, Read et al., 2000) . Thus, the canonical serpin mechanism for inactivating proteases is designated suicide inhibition.
Interestingly, many serpins do not function as protease inhibitors via the canonical inhibitory mechanism despite containing the conserved serpin fold (Stein et al., 1989) . Although many of the non-inhibitory serpins are susceptible to proteolytic cleavage, they invariably contain structural alterations, mostly within the RCL, that are unfavorable for rapid formation of the inhibitory complex. These features include -helical secondary structure in the RCL, bulky residues in the RCL hinge region, a highly constrained RCL, complete hydrogen bonding in the breach region of -sheet A, proline residues preceding the scissile bond or the presence of a glycosylation site within the RCL (Hopkins et al., 1993; Huntington et al., 1997; Simonovic et al., 2001; Al-Ayyoubi et al., 2004; Chaillan-Huntington et al., 1997; Widmer et al., 2012; Stein et al., 1991; Hood et al., 1994; McCarthy & Worrall, 1997) . These non-inhibitory serpins invariably contain distinct structural features associated with protein or ligand binding that form the basis of their physiological function (Simonovic et al., 2001; Al-Ayyoubi et al., 2004; Widmer et al., 2012; Zhou et al., 2006; McGowan et al., 2006; Klieber et al., 2007) . In addition, several serpins have been discovered that inhibit cysteine proteases via a noncanonical mechanism whereby the protease becomes trapped in a complex with the RCL until both the protease and the serpin are degraded by proteolytic processes (Guo et al., 2015; Fish & Bjork, 1979; Mast et al., 1992; Zhou et al., 1997; Annand et al., 1999; Schick et al., 1998) . Despite their noncanonical properties, non-inhibitory and cysteine protease-inhibiting serpins are critical to a variety of essential biological processes.
Serpins in the African malaria vector mosquito Anopheles gambiae (designated SRPNs) have gained attention as key regulators of immunity and potential targets for vector control (Gulley et al., 2013; Suwanchaichinda & Kanost, 2009 ). 18 SRPN genes encoding 23 proteins have been identified in A. gambiae, but only a limited number have been characterized (Gulley et al., 2013; Christophides et al., 2002 Christophides et al., , 2004 . The only known targets of inhibitory serpins in A. gambiae are clip domain-containing serine proteases (CLIPs; An, Budd et al., 2011) . Catalytically active CLIPs circulate as zymogens, becoming active upon cleavage between the CLIP and serine protease (SP) domains, thus initiating a proteolytic cascade that culminates in a specific physiological response (Barillas-Mury, 2007) . A. gambiae CLIPB9 has been shown to convert pro-phenoloxidase (PPO) to phenoloxidase (PO), which results in a melanization immune response (An, Budd et al., 2011) . SRPN2 inhibits CLIPB9 in A. gambiae, thus regulating melanization and avoiding the negative-fitness consequences of an uncontrolled immune response (An, Budd et al., 2011; Michel et al., 2005) . Furthermore, SRPN6 and SRPN10 have been shown to be upregulated in response to parasite or bacterial infection, and SRPN6 has been shown to have antiparasitic effects (Danielli et al., 2003; Abraham et al., 2005) . Despite these insights into the importance of mosquito serpins, our understanding of the protease-serpin networks that regulate mosquito physiology is in its infancy and information regarding the uncharacterized A. gambiae serpins is limited. Insights into these uncharacterized A. gambiae serpins is important to further understand the physiology and vector competence of this medically important mosquito species. SRPN18 (AGAP007691; XP_003435746) is among the sparsely characterized serpins in A. gambiae. Previous studies indicate that A. gambiae SRPN18 is expressed throughout all life stages in multiple tissues and the hemolymph, and it is predicted to be secreted based on the presence of a signal peptide (Suwanchaichinda & Kanost, 2009 ). SRPN18 expression doubles within 3 h of a blood meal and returns to preblood-meal levels within 24 h post-blood feeding (Marinotti et al., 2006) . However, its role in A. gambiae physiology is entirely unknown. The SRPN18 gene clusters tightly with SRPN7 and SRPN14 on chromosomal arm 2L, close to the SRPN2 cluster (Suwanchaichinda & Kanost, 2009 ). Microarray data indicate that AgSRPN18 is repressed upon infection with Wolbachia bacteria, which have been shown to protect mosquitoes from Plasmodium infection, although the significance of these data is unknown (Kambris et al., 2010; Hughes et al., 2011) . Previous examination of the primary sequence of the SRPN18 RCL resulted in the prediction that SRPN18 is non-inhibitory (Gulley et al., 2013; Suwanchaichinda & Kanost, 2009 ). This is based on the absence of an RCL hinge region, a conserved span of four residues that provides RCL flexibility and is integral for inhibitory complex formation.
Here, we present the structure of A. gambiae SRPN18 to a resolution of 1.45 Å . The high-resolution crystal structure of SRPN18 was determined, including nearly complete resolution of the RCL. These data provide additional insights into mosquito serpins and may provide a basis for identifying the physiological function of SRPN18 in A. gambiae.
research communications 2. Materials and methods 2.1. Macromolecule production 2.1.1. SRPN18 cloning and recombinant SRPN18 protein expression. cDNA fragments encoding full-length mature proteins were amplified using the gene-specific primers SRPN18-1F, 5 0 -TCATCACGGCGATCCTACGACAG-3 0 , and SRPN18-1R, 5 0 -TTGAATTCTCAAAACTGTTCATCGG-3 0 . The reverse primer contained an EcoRI restriction site (bold). A second round of PCR was performed with the forward primer SRPN18-2F containing codons for a His 6 tag (underlined) as well as an NcoI site (bold), 5 0 -ATCCATGGGCCAT-CATCATCATCATCATCACGGC-3 0 , with SRPN18-1R as the reverse primer. The PCR products were digested with NcoI and EcoRI, and then inserted into the pET-28a vector (Novagen) using the same restriction sites. The resulting plasmid (pET28a-SRPN18) was transformed into BL21 (DE3) competent Escherichia coli cells and stored at À80 C (Table 1) .
Recombinant SRPN18 protein was produced using an E. coli expression system (Table 1 ). The full coding region, minus the predicted signal peptide, was amplified using genespecific primers. SRPN18 protein was expressed using BL21 (DE3) competent E. coli cells. Cells containing the plasmid were grown overnight at 37 C from bacterial stocks on LB agar plates containing 50 mg ml À1 kanamycin. A single colony was inoculated into a 250 ml flask containing 50 ml LB with 50 mg ml À1 kanamycin and then shaken overnight at 37 C and 150 rev min À1 . 15 ml of the overnight culture was used to inoculate two 2 l flasks of 500 ml LB with 50 mg ml À1 kanamycin. The inoculated culture was incubated at 37 C with shaking at 225 rev min À1 for approximately 2 h to an OD 600 of between 0.6 and 0.8. Protein expression was induced using 0.1 mM IPTG with incubation for at least 8 h at 20 C and 150 rev min À1 . The culture was centrifuged at 4000 rev min À1 for 20 min and the pellet was stored at À80 C.
2.1.2. Recombinant SRPN18 purification. Recombinant SRPN18 purification was performed as described previously, with the following modifications . Cell pellets from expression were resuspended in 50 ml buffer A (50 mM NaCl, 20 mM Tris-HCl pH 8.0) supplemented with protease-inhibitor cocktail (Roche). Cells were lysed by sonication (Vibra Cell High Intensity Ultrasonic Processor 750 W model), and soluble and insoluble fractions were separated by centrifugation at 10 000g for 30 min at 4 C. Soluble portions were retained and purified by nickel-affinity, ion-exchange and size-exclusion chromatography using an Ä KTAxpress purification system (GE Healthcare) at 4 C. The clarified lysate was loaded onto a 5 ml HisTrap HP column (GE Healthcare) at 1 ml min À1 . Bound proteins were washed with 25 ml buffer A. Nonspecifically bound proteins were then eluted using a gradient of buffer B (500 mM imidazole, 50 mM NaCl, 20 mM Tris-HCl pH 8.0). Elution of SRPN18 was carried out with a linear gradient from 10 to 100% buffer B over eight column volumes, and all elution peaks were collected and analyzed by SDS-PAGE. SRPN18-containing fractions were pooled and loaded onto a 5 ml HiTrap Q HP anion-exchange column (GE Healthcare) equilibrated with buffer A. Elution was carried out with a linear gradient from 0 to 100% buffer C (500 mM NaCl, 20 mM Tris pH 8.0) over 20 column volumes, and the purity of SRPN18 was analyzed by SDS-PAGE. SRPN18-containing fractions were pooled again and concentrated to 1.0 ml in a Vivaspin 20 10 kDa molecularweight cutoff concentrator (GE Healthcare). The concentrated protein was loaded onto a Superdex 75 10 300 GL size-exclusion column (GE Healthcare) and eluted in buffer D (400 mM NaCl, 20 mM Tris pH 8.0) at 0.2 ml min À1 . Protein fractions were analyzed by SDS-PAGE and protein concentrations were determined by the Bradford assay using Coomassie Plus Protein Assay Reagent (Pierce) and bovine serum albumin as a standard (Sigma). SRPN18 fractions were pooled and concentrated for crystallization screening to 12.8 mg ml À1 in buffer D via a Vivaspin 20 10 kDa molecular weight cutoff concentrator (GE Healthcare).
Crystallization
Crystallization screening was conducted in high-throughput Compact 300 (Rigaku Reagents) sitting-drop vapor-diffusion plates at 20 C using 0.5 ml protein solution and 0.5 ml crystallization solution equilibrated against 100 ml of the latter ( Table 1 Macromolecule-production information.
Source organism
A. gambiae DNA source Adult female A. gambiae G3 strain Forward primer solution supplemented with 5% PEG 400 and equilibrated for 1 min. The crystals were then transferred into solutions containing increasing concentrations of PEG 400 from 5% to 25%(w/v) PEG 3350, 100 mM bis-tris pH 6.5, 200 mM NaCl, 20% PEG 400 before cooling and storing them in liquid nitrogen.
Data collection and processing
Initial X-ray diffraction data were collected at 93 K in the University of Kansas Protein Structure Laboratory using a Rigaku RU-H3R rotating-anode generator (Cu K) equipped with Osmic Blue focusing mirrors and a Rigaku R-AXIS IV ++ image-plate detector. Higher resolution data were collected at the Advanced Photon Source beamline 17-ID using a Dectris PILATUS 6M pixel-array detector.
Structure solution and refinement
Intensities were integrated using XDS (Kabsch, 2010a,b) and the Laue class check and data scaling were performed with AIMLESS (Evans, 2011) . The highest probability Laue class was mmm and space group P2 1 2 1 2 1 . The Matthews coefficient (V M ; Matthews, 1968 ) and solvent content were estimated to be V M = 4.0 Å 3 Da À1 with 69.2% solvent content and V M = 2.0 Å 3 Da À1 with 38.5% solvent content for one and two molecules in the asymmetric unit, respectively. A homology model for molecular replacement was created with CHAINSAW (Stein, 2008) using the previously determined SRPN2 structure (PDB entry 3pzf), the amino-acid sequence of which is 37.9% similar to that of SRPN18 (An, Lovell et al., 2011) . Molecular-replacement searches for two molecules in the asymmetric unit were conducted using in-house diffraction data with Phaser i jI i ðhklÞ À hIðhklÞij= P hkl P i I i ðhklÞ, where I i (hkl) is the intensity measured for the ith reflection and hI(hkl)i is the average intensity of all reflections with indices hkl. ‡ R meas is the redundancy-independent (multiplicity-weighted) R merge (Evans, 2006 (Evans, , 2011 . R p.i.m. is the precision-indicating (multiplicity-weighted) R merge (Diederichs & Karplus, 1997; Weiss, 2001) . § CC 1/2 is the correlation coefficient of the mean intensities between two random half-sets of data (Karplus & Diederichs, 2012; Evans, 2012) . } R = P hkl jF obs j À jF calc j = P hkl jF obs j; R free is calculated in an identical manner using a randomly selected 5% of reflections that were not included in the refinement.
Figure 1
Crystal structure of SRPN18 including the reactive-center loop (RCL). (a) Ribbon diagram of the SRPN18 crystal structure determined to a resolution of 1.45 Å . -Sheet A, red; -sheet B, blue; -sheet C, yellow; -helices, green; RCL, cyan. (b) F o À F c OMIT electron-density map (3) of the SRPN18 RCL (residues Glu340-Phe355). Map clipping is expanded to 5 Å from the RCL atoms. group P2 1 2 1 2 1 and consisted of a noncrystallographic dimer related by the spherical polar coordinates ! = 91.057 , ' = À177.973 , = 176.861 with the NCS axis is nearly parallel to the crystallographic a axis. Following initial refinement with PHENIX, the R factors converged at R = 40% and R free = 44%. The model was improved using automated model building with ARP/wARP (Langer et al., 2008) and the final model, refined against the synchrotron diffraction data, was obtained by iterative rounds of refinement and manual model building with PHENIX and Coot (Emsley et al., 2010) , respectively. Structure validation was conducted with MolProbity (Chen et al., 2010) . TLS refinement (Painter & Merritt, 2006; Winn et al., 2001) was incorporated into the later stages of refinement to model anisotropic atomic displacement parameters. Residues Ser343-Ser353 of chain A and Ser341-Gly344 of chain B, which are part of the RCL, were disordered and could not be modeled. Disordered side-chain atoms were truncated to the point where electron density could be observed. Figures were prepared using PyMOL (Schrödinger). Solvent-accessible solvent area was determined using AREAIMOL (Lee & Richards, 1971; Saff & Kuijlaars, 1997) from the CCP4 program suite (Winn et al., 2011) . Relevant crystallographic data are provided in Table 3 . Coordinates and structure factors were deposited in the Worldwide Protein Data Bank with accession code 5c98.
Results and discussion

Overall SRPN18 structure
We determined the crystal structure of A. gambiae SRPN18 (residues 23-391) to a resolution of 1.45 Å (Table 3) . SRPN18 contains a conserved serpin fold with three -sheets (A, B and C) surrounded by 13 -helices (Fig. 1a ). An analysis of the SRPN18 structure against the DALI database revealed a high degree of homology to a wide range of serpins owing to the conservation of the serpin fold, with a root-mean-square deviation (r.m.s.d.) between C atoms of SRPN18 and its closest structural homologs of approximately 2.3 Å (Supplementary Table S1 ).
SRPN18 crystallized as an NCS dimer with two molecules in the asymmetric unit ( Supplementary Fig. S1 ). The two molecules are identical, with the exception of the observable electron density for the RCL (Glu340-Pro362). In chain A residues Gly344-Pro352 were disordered and could not be modeled, as is commonly found in serpin structures. However, the RCL of SRPN18 chain B was resolved completely, with the exception of two residues, Gly342 and Ser343 (Fig. 1b) . The SRPN18 RCL in chain B forms a continuous loop and is located directly above -sheet C. The RCL interacts directly with -sheet C via multiple hydrogen bonds, which are also present between residues within the RCL itself.
Comparative structural analysis of the SRPN18 RCL
The RCL is integral to the canonical inhibitory activity of serpins. Therefore, the resolution of the SRPN18 RCL in chain B permitted investigation into the architecture of the RCL in order to gain insight into its potential role in SRPN18 inactivity. We performed a comparative structural analysis of the RCL of chain B in the SRPN18 structure and the RCLs of previously published serpin structures. This comparative analysis was performed with 21 serpin structures, all of which contain an RCL that is completely, or nearly completely, resolved ( Z-dependent protease inhibitory protein (ZPI), heparin cofactor II (HCII), protease nexin-1 (PN1), plasminogen activator inhibitor-1 (PAI-1), 1-antitrypsin (A1AT), antithrombin (AT), AtSerpin1, alaserpin, antichymotrypsin (ACH), tengpin, squamous cell carcinoma antigen 1 (SCCA1), serpin 1K and protein C inhibitor (PCI)], one is inhibitory against cysteine proteinases (Bombyx mori serpin 18) and four are non-inhibitory [ovalbumin, heat-shock protein 47 (Hsp47), maspin and myeloid and erythroid nuclear termination stagespecific antigen (MENT)]. These structures provide a diverse and comprehensive basis to analyze the functional implications of the SRPN18 RCL structure. The most conspicuous feature of the SRPN18 RCL is its short length compared with those of other serpins, spanning a total of 16 residues (Table 4) . RCL length is a crucial factor for canonical serpin inhibition, as a sufficient RCL length is required for full insertion into -sheet A (Huntington, 2011) . The next shortest RCLs in our analysis belong to the cysteine proteinase inhibitor B. mori serpin 18 (which uses a distinct inhibitory mechanism) and the non-inhibitory Hsp47, which Structural alignment of the SRPN18 RCL with those of other serpins. The panel on the right is rotated 90 around the y axis. (a) Structural alignment of the SRPN18 RCL (red) with inhibitory serpins whose RCLs contain high accessible surface areas. Serpin 1K, PDB entry 1sek, blue (Li et al., 1999) ; AT (in complex with factor IXa; ATIII/fIXa), PDB entry 3kcg, green (Johnson et al., 2010) ; AtSerpin1, PDB entry 3le2, orange (Lampl et al., 2010) . (b) Structural alignment of the SRPN18 RCL (red) with inhibitory serpins whose RCLs contain low accessible surface areas. HCII, PDB entry 1jmj, blue (Baglin et al., 2002) ; ZPI, PDB entry 3h5c, green (Huang et al., 2010) ; AT, PDB entry 1e04, orange (McCoy et al., 2003) . (c) Structural alignment of the SRPN18 RCL with non-inhibitory or cysteine proteinase inhibitory (B. mori serpin 18; BmSerpin18) serpins with low accessibility scores. B. mori serpin 18, PDB entry 4r9i, blue (Guo et al., 2015) ; ovalbumin, PDB entry 1ova, green (Stein et al., 1991) ; Hsp47, PDB entry 3zha, orange (Widmer et al., 2012) . contain 17 and 19 residues, respectively. The shortest RCL of an inhibitory serpin against serine proteinases is that of PAI-1, containing 21 residues. Among the inhibitory serpins in our analysis, the RCL length averages 23 residues and ranges from 21 to 25. The structures of AT, ZPI, PCI and PAI-1 have been determined in their cleaved state, with the RCL inserted into -sheet A, and reveal a necessity for 16 RCL residues prior to the P1-P1 0 scissile bond for full insertion (Schreuder et al., 1994; Huang et al., 2010; Li & Huntington, 2008; Jensen & Gettins, 2008) . Thus, cleavage at even the most C-terminal residue in the SRPN18 RCL would result in an RCL segment that is too short for complete insertion, providing credence to previous assertions that it is non-inhibitory.
The length of the RCL also has implications for the accessibility of the RCL to the target protease (Johnson et al., 2010; Jin et al., 1997; Baglin et al., 2002) . In general, increased accessibility correlates with increased inhibition to the extent that RCL flexibility may be controlled allosterically to regulate the level of serpin activity. To determine the level of constriction of the SRPN18 RCL, accessible surface area (ASA) was quantified in all of the serpins included in our comparative analyses (Table 4) is extremely constricted in comparison to other serpins, with an ASA of 1095 Å 2 , which was the lowest of any of the serpin structures in our analysis. The next lowest ASA was found for the cysteine proteinase inhibitor B. mori serpin 18 (1273 Å 2 ). Structural alignment of SRPN18 and inhibitory serpins with high ASAs [serpin 1K, 2281 Å 2 ; AT (in complex with factor IXa), 2337 Å 2 ; AtSerpin1, 2357 Å 2 ] highlights the level of constriction and the overall lack of flexibility inherent to the SRPN18 RCL ( Fig. 2a ). Inhibitory serpins that contain lower ASAs, closer to that of SRPN18 (HCII, 1524 Å 2 ; ZPI, 1663 Å 2 ; AT, 1714 Å 2 ), are found in structures containing partial RCL hinge-loop insertions, which are expelled to increase the accessibility of the RCL as a mechanism of allosteric regulation (Fig. 2b) . The RCLs that most closely resemble SRPN18 are either cysteine proteinase inhibitors or non-inhibitory serpins (B. mori serpin 18; ovalbumin, 1318 Å 2 ; Hsp47, 1473 Å 2 ; Fig. 2c ). It is interesting to note that all three of these RCLs contain -helices and therefore do not directly resemble SRPN18. Together, these data suggest that the SRPN18 RCL is unprecedented with respect to its constriction and is likely to represent a minimum length that can be accommodated within the serpin fold.
In addition to the constrained overall accessibility of the SRPN18 RCL, the structure reveals the absence of an accessible P1 residue that can function as a bait for proteolytic attack. Previous studies tenuously predicted the most likely P1 residue for SRPN18 to be Phe355 based on sequence alignment (Gulley et al., 2013; Suwanchaichinda & Kanost, 2009 ). However, the SRPN18 structure indicated that Phe355 is located at the C-terminus of the RCL and is buried within a pocket composed of Arg225, Leu227, Lys234, Val236, Phe358, Cys281 and Thr283 (Figs. 3a and 3b) . Thus, Phe355 is not exposed to the solvent and is therefore inaccessible to a target protease. P1 residues in other serpins are invariably located towards the most solvent-exposed apex of the RCL and are commonly situated slightly towards the C-terminus as opposed to the hinge region (Huntington, 2011) . In SRPN18 this region is occupied by Thr351, making it a potential candidate for a P1 residue (Fig. 3a) . However, the structure revealed that Thr351 is directed away from the surface and that the hydroxyl group forms a hydrogen bond to Pro348 (Fig. 3c ). As such, it appears to be incapable of acting as an effective P1 residue despite its position within the RCL. Thus, SRPN18 seems to lack a suitable P1 residue, which is critical for initiating the inhibitory mechanism. In addition, the SRPN18 RCL contains four proline residues (Pro346, Pro348, Pro349 and Pro352), three of which are found in the hinge region (Fig. 3d ). Previous studies have shown that prolines located N-terminal to the P2 residue result in a breakdown of inhibitory function (Hopkins et al., 1993; Hopkins & Stone, 1995; Gettins, 2002) . This is because prolines disrupt -strands, resulting in an inability of the RCL to insert completely into -sheet A. Not surprisingly, proline residues prior to the P2 position in the RCL are almost exclusively found amongst non-inhibitory serpins, including Hsp47, maspin, thyroxine-binding globulin (TBG), corticosteroid-binding globulin (CBG) and pigment epitheliumderived factor (PEDF). In addition, the four prolines found in the SRPN18 RCL represent the extreme end of the spectrum. Analysis of 347 serpin primary sequences revealed only one instance (Mesocricetus auratus CBG, UniProtKB Q60543.1) of another serpin with four prolines in the RCL prior to the P2 residue, and only three instances (Mus musculus CBG, Q06770.1; M. musculus PEDF, P97298.2; Homo sapiens PEDF, P36955.4) of three prolines in this region of the RCL.
Overall, the SRPN18 RCL sequence and structure reveal several features associated with serpins that do not function via the canonical serine proteinase inhibitory mechanism: (i) minimal length, (ii) a constricted conformation, (iii) the absence of a suitable P1 residue and (iv) a large number of proline residues. Nevertheless, the expression pattern of SRPN18 and its maintenance through the evolutionary history of A. gambiae suggest that it serves a specific function (Gulley et al., 2013; Suwanchaichinda & Kanost, 2009 ). An ortholog of SRPN18 in Culex quinquefasciatus (Bartholomay et al., 2010) , which contains a short RCL length and RCL prolines, suggests that SRPN18 was present in the common ancestor of both anopheline and culicine mosquitoes and has been maintained by evolution for at least 160 million years. Orthologs of SRPN18 are found in automatically annotated gene sets of the 16 additional recently sequenced anopheline genomes (Neafsey et al., 2015) . Their future refinement will provide additional information of possible conservation of key functional elements. Additional investigations will be necessary to determine the precise role of SRPN18 in A. gambiae and to determine how its unique structure operates to fulfill its role in the organism.
